Using iterative database searches, we identified a new subfamily of the AID/APOBEC family of RNA/DNA editing cytidine deaminases. The new subfamily, which is represented by readily identifiable orthologs in mammals, chicken, and frog, but not fishes, was designated APOBEC4. The zinc-coordinating motifs involved in catalysis and the secondary structure of the APOBEC4 deaminase domain are evolutionarily conserved, suggesting that APOBEC4 proteins are active polynucleotide (deoxy)cytidine deaminases. In reconstructed maximum likelihood phylogenetic trees, APOBEC4 forms a distinct clade with a high statistical support. APOBEC4 and APOBEC1 are joined in a moderately supported cluster clearly separated from AID, APOBEC2 and APOBEC3 subfamilies. In mammals, APOBEC4 is expressed primarily in testis which suggests the possibility that it is an editing enzyme for mRNAs involved in spermatogenesis.
INTRODUCTION
Cytidine deaminases (CDAs; EC 3.5.4.5) catalyze the deamination of cytidine to uridine and are important in the pyrimidine salvage pathway in prokaryotes and eukaryotes. These enzymes contain a zinc-coordinating domain with the characteristic motif (H/C)xE … PCxxC (x stands for any residue). The Zn ion in the active site plays a central role in the proposed catalytic mechanism by activating a water molecule to form a hydroxide ion that performs a nucleophilic attack on the substrate. [1] [2] [3] The cytidine deaminase superfamily also includes the AID/APOBEC family, which is a vertebrate-specific RNA/DNA editing expansion of deaminases. One of the best characterized modes of mRNA-editing is cytidine to uridine (C > U) deamination catalyzed by APOBEC1. APOBEC1 is the catalytic component of a complex that edits apolipoprotein B mRNA by catalyzing the C6666U deamination which creates a premature stop codon and causes tissue-specific production of a truncated apolipoprotein B polypeptide chain. 4, 5 The AID/APOBEC protein family contains four subfamilies (AID, APOBEC1, APOBEC2, and APOBEC3) and includes several members with an experimentally confirmed capability of deaminating cytosine to uracil in single-stranded polynucleotides, while fulfilling diverse physiological functions. [6] [7] [8] AID functions in the adaptive humoral immune response, namely, somatic hypermutation of the immunoglobulin V gene and switch recombination of the immunoglobulin C gene. 9, 10 Two members of the diverse APOBEC3 subfamily (human APOBEC3G and APOBEC3F) are involved in an innate pathway of restriction of retrovirus infection, presumably, by deaminating cytosines in viral first-strand cDNA replication intermediates 7, 11, 12 although more complex models have also been proposed. 13 The physiological functions of APOBEC2 14, 15 and of other APOBEC3s are unknown. 7, 8, 12 However, the expansion and rapid evolution of APOBEC3 proteins in the primate lineage (there are eight human APOBEC3 genes) suggests that at least some of these proteins might have antiviral functions. 8 APOBEC1 was the first member of the family to be discovered 4, 5 and has become the paradigm for subsequent studies. However, phylogenetic analysis indicates that APOBEC1 is a recent evolutionary arrival whereas AID and APOBEC2 are the ancestral family members. 8 We analyzed distant similarities of AID/APOBEC protein sequences and identified a previously undetected subfamily of AID/APOBEC homologs which we provisionally named APOBEC4. Phylogenetic analysis suggests that this protein subfamily is most closely related to APOBEC1, however, it has a wider phyletic distribution similar to that of AID/APOBEC2 and, accordingly, appears to have emerged early in vertebrate evolution.
MATERIALS AND METHODS
The non-redundant (nr) database of National Center for Biotechnology Information (http:// ncbi.nlm.nih.gov/) and vertebrate genomes at the ENSEMBL web site (http://www.ensembl.org/) were searched using the BLASTP program. 16 Nucleotide genome sequences were searched using TBLASTN with protein sequences as queries. Iterative sequence similarity searches were performed using PSI-BLAST with a single sequence used as the query and with default parameters. 16 Each search was run for a minimum of three iterations or to convergence. Multiple alignments were generated using the MUSCLE program with 50 iterations. 17 The resulting multiple alignment was corrected manually using the PSI-BLAST results, the known three dimensional structures of CDAs, and predicted secondary structure of APOBECs as additional guides. Protein secondary structure was predicted using JPRED. 18 Phylogenetic analyses were performed using minimum evolution (least-square) and maximum likelihood methods. To generate the input file, all columns containing gaps were either deleted pairwise or entirely deleted from the corrected alignment. Minimum evolution trees were constructed using either MEGA3 19 with the Poisson correction model and pairwise deletion of gaps and 1000 bootstrap replicates or using the FITCH program of the PHYLIP package 20 with 1000 bootstrap replicates, after complete removal of all gapped columns. Maximum likelihood trees were generated using a two-step procedure. At the first step, a minimum evolution tree was generated using FITCH, and at the second step, the topology of this tree was used as the input to PROTML 21 to produce a maximum likelihood tree using local rearrangements. The statistical significance of the internal nodes of the resulting maximum likelihood tree was then determined using relative estimate of logarithmic likelihood bootstrap (RELL-BP) as implemented in PROTML. 21 In the second method, an initial tree was constructed using the PROTML program of the PHYLIP package, with star decomposition. The tree topology was used as a guide to generate maximum likelihood trees using the PhyML program with 100 bootstrap replicates generated from the input alignment. 22 The consensus tree of these 100 bootstrapped trees was derived using the CONSENSE program of the PHYLIP package to obtain the bootstrapped the full maximum likelihood tree. Both methods produced phylogenetic trees with the same topology with respect to the main branching.
RESULTS AND DISCUSSION
Identification of APOBEC4 by sequence similarity searches. A PSI-BLAST search with the human AID sequence as the query returns hits to AID/APOBEC proteins in the first and second iterations. Unexpectedly, from the third iteration onward, this and other searches with AID/ APOBEC sequences started to recover uncharacterized vertebrate proteins (Table 1) . Reciprocal searches using these sequences as queries readily recovered the AID/APOBEC sequences, suggesting that these proteins and AID/ APOBEC proteins are, indeed, homologs. We called this newly discovered protein subfamily APOBEC4. BLAST searches with the human APOBEC4 sequence (GI: 44888831) as a query readily identified the presence of the APOBEC4 gene in the Xenopus tropicalis genome. By contrast, these searches failed to identify APOBEC4 protein in any of the available (nearly) complete fish genomes.
Sequence and structural features of APOBEC4. To further examine the sequence and structural conservation between CDA, AID, APOBEC1, APOBEC2, APOBEC3, and APOBEC4, we constructed a multiple alignment of 4 CDA sequences and 45 AID/APOBEC sequences (Fig. 1) . In the case of the dimeric APOBEC3 proteins, 8 the more conserved C-terminal domain, which determines the specificity of retrovirus hypermutation induced by human APOBEC3F and APOBEC3G, 23 was used for this analysis. The alignment shows notable conservation of the Zn-coordinating motif, (H/C)xE… PCx 2-6 C (Fig. 1) . However, the proline residue, which is present in the middle of the HxE motif in most of the APOBEC4 sequences, aligns with an alanine in the CDA sequences whereas AID/APOBEC sequences contain several other amino acids in this position (Fig. 1) . Interestingly, the Xenopus tropicalis APOBEC4 contains an alanine in the middle of the HxE motif ( Fig. 1) suggesting that this could be the ancestral state of the motif. A distinctive feature of APOBEC4 is the insertion of four amino acids between the conserved cysteines of the PC…C motif; the presence of this insert complicates the detection of APOBEC4 in sequence similarity searches (see above). It should be noted that even longer inserts are present in this motif in several deaminases outside the CDA/AID/APOBEC superfamily, 24 which is compatible with the prediction that APOBEC4 is an active deaminase.
Structural homology models based on E. coli or yeast CDA structures have been previously proposed for APOBEC1, AID and APOBEC3G. [25] [26] [27] The deaminase domain of APOBEC4 conforms to the b1b2a1b3a2b4a3b5 arrangement (a designates an α-helix and b designates a β-strand) typical of the AID/APOBEC family rather than the b1b2a1b3a2b4b5 arrangement (with the a3 helix missing) seen in the CDAs (Fig. 1) . The additional a3 helix is a signature of the AID/APOBEC family. 27 With the exception of this helix, the predicted secondary structural elements of APOBEC4 show a nearly perfect correspondence with the elements derived from the 3D structure of CDAs, supporting the notion that these proteins contain a domain with the same fold (Fig. 1) .
Phylogenetic analysis and evolutionary implications. To gain insight into the evolution of the AID/APOBEC family and, in particular, the origin of APOBEC4, we constructed phylogenetic trees from the multiple alignment shown in Figure 1 . The APOBEC1, APOBEC2 and APOBEC4 subfamilies each formed a clade with high statistical support (data not shown). Unexpectedly, the members of the APOBEC3 subfamily did not form a distinct clade but instead were interspersed with the AID proteins (data not shown) although previous phylogenetic analyses suggested monophyly of APOBEC4, a New Member of the AID/APOBEC Family of Polynucleotide (Deoxy)cytidine Deaminases Predicted by Computational Analysis The number of amino acid substitutions and standard errors were calculated using the Poisson correction as implemented in MEGA3. 19 In the case of APOBEC3, the human APOBEC3F and mouse APOBEC3 proteins were used.
this subfamily. 8 The problems with the APOBEC3 subfamily are likely to be caused by long-branch attraction artifacts (long branches tend to corrupt the phylogenetic signal) 28 given the dramatic differences in the evolutionary rates between the fastevolving APOBEC3 and other subfamilies ( Table 2 ). We showed that APOBEC4 evolved at an intermediate rate, much lower than that of APOBEC3, similar to that of APOBEC1, but considerably greater than APOBEC2 and AID (Table 2) .
To minimize long-branch attraction artifacts in tree reconstruction, we removed the fast-evolving APOBEC3 subfamily (see Table 2 ) from the present analysis. In the reconstructed tree, which can be rooted with the CDAs, APOBEC1 and APOBEC4 form distinct clades that are joined in a moderately supported cluster (Fig. 2) . The APOBEC2 and AID subfamilies form a third clade with a high bootstrap support (Fig. 2) . Interestingly, APOBEC4 is present in mammals, birds and amphibia (but so far not fishes) similarly to AID and APOBEC2 but unlike APOBEC1 which is so far restricted to mammals (Fig. 2 and Table 1 ). This suggests that the duplication leading to the distinct APOBEC1 and APOBEC4 genes might have occurred prior to the amphibia-reptile divergence, perhaps, with subsequent loss of APOBEC1 in some lineages. This interpretation contradicts the hypothesis that APOBEC1 is a mammalianspecific derivative of AID. 8 However, phylogenetic reconstructions for families with a high rate variation among subfamilies (Table 2) should be interpreted with utmost caution due to the substantial impact of long-branch attraction artifacts on tree topology. 28 In particular, it cannot be strictly ruled out that the APOBEC1-APOBEC4 clade is a result of such an artifact.
The deep internal branches of the tree, particularly, the branch connecting CDA and AID/APOBEC families, are very long compared to the branches within the CDA clade and within each clade of the AID/APOBEC family (Fig. 2) . This suggests that the ancestor of AID/APOBEC family had an accelerated rate of evolution which still can be observed in the APOBEC3 subfamily (Table 2) . Such acceleration of evolution characteristic of proteins involved in direct interactions with infectious agents (e.g., viruses) 29 which is compatible with the accelerated rate of evolution and the confirmed antiviral function of some APOBEC3 subfamily members. 7, 11, 12, 30, 31 Thus, suppression of infectious agents might be the original function of AID/APOBEC ancestors. Later in evolution, ancestors of AID, APOBEC1, APOBEC2 and APOBEC4 proteins gained functions different from the ancestral one and their evolution substantially slowed down (Table 2 and Fig. 2 ).
BIOLOGICAL IMPLICATIONS AND CONCLUSIONS
The spectrum of biological functions of the editing enzymes of the AID/ APOBEC family is expanding. In particular, it has been recently shown that these deaminases, in addition to mRNA editing, are required for innate immunity to retroviruses and humoral immunity. 7, [9] [10] [11] [12] Here we describe a new subfamily of AID/APOBEC homologs, APOBEC4, which is represented by readily identifiable orthologs in mammals, chicken, and frog, but not fishes. The Zn-coordinating motifs and the secondary structure of the APOBEC4 deaminase domain are evolutionarily conserved which suggests that APOBEC4 proteins possess the polynucleotide (deoxy)cytidine deamination activity. Examination of mouse expression arrays (Fig. 3) and Expressed Sequence Tag (EST) data for human, mouse, and rat showed that APOBEC4 is expressed primarily in testis (Table 1) . Based on this observation, it is tempting to speculate that APOBEC4 is an editing enzyme for mRNAs involved in spermatogenesis. Figure 1 (previous page) . Multiple alignment of the CDA/AID/APOBEC superfamily. Only the deaminase domain that is conserved in all proteins is shown. The proteins are designated by the corresponding species abbreviation appended by GI numbers. The secondary structure of the CDA proteins derived from the available crystal structures 27 is shown under the CDA sequences. The α-helices are denoted by "H"s and marked a1 and a2, and the β-strands are denoted by "E"s and marked b1-b5. The predicted secondary structure of the APOBEC4 subfamily is plotted below the alignment. Columns with 100% conserved residues are shaded gray. 
